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Directional transport of specific mRNAs is of primary biolog-
ical relevance. In Xenopus oocytes, mRNA localization to the
vegetal pole is important for germ layer formation and germ cell
development. Using a biochemical approach, we identified
Xenopus Elr-type proteins, homologs of the Hu/ELAYV proteins,
as novel components of the vegetal mRNA localization machin-
ery. They bind specifically to the localization elements of several
different vegetally localizing Xenopus mRNAs, and they are part
of one RNP together with other localization proteins, such as
VgI1RBP and XStaufen 1. Blocking Elr-type protein binding by
either localization element mutagenesis or antisense morpho-
lino oligonucleotide-mediated masking of their target RNA
structures, as well as overexpression of wild type and mutant
ElrB proteins, interferes with vegetal localization in Xenopus
oocytes.

mRNA localization to the vegetal pole of Xenopus oocytes
establishes a primary axis of asymmetry that is crucial for early
embryonic development. Two major transport pathways that
guide specific mRNAs to the vegetal cortex can be distin-
guished from each other. The early or METRO pathway oper-
ates via the mitochondrial cloud during earliest stages of oogen-
esis. Several early localizing mRNAs have been found to be
involved in germ cell development (1). Although early localiz-
ing RNAs like Xcat2 or Xdazl become first enriched in the mito-
chondrial cloud by a microtubule-independent diffusion/en-
trapment mechanism and relocate to the vegetal cortex during
stage II along with components of the fragmented mitochon-
drial cloud (2-5), late pathway RNAs like Vg1, VegT, and Velol
are initially homogenously dispersed throughout the cytoplasm
(3, 6-11). The late transport pathway is activated at mid-
oogenesis (stages IIl and IV) and is mediated by a motor-driven,
microtubule-dependent mechanism (12—15). Several of the late
localizing mRNAs are critical for germ layer formation (16). A
small population of RNAs exhibits localization features of both
pathways and is therefore referred to as intermediate pathway
RNAs (17-19).
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Both early and late localization pathways are under the con-
trol of regulatory RNA elements, usually residing in the
3’-UTR? of localized mRNAs, referred to as localization ele-
ments (LEs) or mitochondrial cloud localization element
(reviewed in Refs. 20 and 21). LEs recruit proteins to form a
localization complex. Although proteins that exclusively inter-
act with LEs from early localizing RNAs and that could mediate
the entrapment in the MC have not been identified to date, a
number of proteins that interact with the localization element
of the late localizing Vgl mRNA have been identified; they
include Vg1RBP, hnRNP [, Prrp, VgRBP71/KSRP, XStaufen 1,
and 40LoVe (15, 22-27). Interestingly, mitochondrial cloud
localization elements of all early pathway RNAs tested to date
can enter the late localization pathway if injected into stage
III/IV oocytes, suggesting that they are able to recruit late trans-
port proteins (17, 28 —31). This may serve as a fail-proof mech-
anism to ensure vegetal cortex localization of early pathway
RNAs that are transcribed late, after mitochondrial cloud
breakdown.

A core transport RNP containing hnRNP I and VgIRBP is
formed in the nucleus and exported to the cytoplasm. Although
Vg1RBP and hnRNP I form direct protein-protein interactions
in the nucleus, complex formation becomes RNase-sensitive in
the cytoplasm, suggesting that a remodeling step occurs after
export to the cytoplasm (32, 33). VgRBP71/KSRP and 40LoVe
can also be detected in the nucleus, but whether they are indeed
part of a nuclear transport RNP remains to be determined (26,
27). The reassembly step in the cytoplasm includes the recruit-
ment of additional proteins; whereas hnRNP I, Vg1RBP, Prrp,
XStaufen 1, and 40LoVe accompany the localizing RNA in the
vegetal cytoplasm and get enriched at the cortex (15, 25, 27, 32,
34, 35), VgRBP71/KSRP is found throughout the cytoplasm
with a slight enrichment at the animal cortex (26). Rather than
directly participating in the vegetal transport, VgRBP71/KSRP
has been suggested to translationally activate cortical Vgl
mRNA by stimulating a nuclease that cleaves off the Vgl trans-
lational control element (TCE) (36). Because of its interaction
with profilin, a regulator of actin dynamics, Prrp has been pro-
posed to function in the microfilament-dependent anchoring
of localized RNA at the cortex (25). The recruitment of Staufen
1 into the transport particle might be mediated by hnRNP I,
because dominant negative Staufen 1 mutants not only affect

3 The abbreviations used are: UTR, untranslated region; LE, localization ele-
ment; PBS, phosphate-buffered saline; IP, immunoprecipitation; wt, wild
type; RRM, RNA recognition motif; VTE, Vg1 translational element.
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vegetal localization of injected RNAs but also lose interaction
with hnRNP I (15).

The active particle transport along microtubule filaments is
mediated by overlapping functions of kinesin I and II plus-end
directed motor proteins (12, 13, 15). Further remodeling of the
localization RNP is likely to occur at the vegetal cortex, where
late localizing RNAs become anchored. Cytokeratin intermedi-
ate filaments, in addition to microfilaments, seem to be
required for anchoring (14, 37). Interestingly, vegetally local-
ized RNAs themselves may function as structural components
of the cortical cytokeratin meshwork, because antisense oli-
godeoxynucleotide-mediated depletion of localized RNAs like
VegT or xlsirts disrupts the cytokeratin network and leads to a
release of specific RNAs from the vegetal cortex (38 —40).

Proteins of the ELAV/Hu protein family are RNA-binding
proteins that contain three RRM domains, with RRM2 and 3
being separated by a linker region (41). Vertebrates express four
members of ELAV/Hu-type proteins, namely the ubiquitous
HuR (also called HuA or ElrA in Xenopus), HuB (Hel-N1, ElrB),
which is expressed in neurons, testes and ovaries, as well as the
strictly neuronal proteins HuC (EIrC) and HuD (EIrD). ELAV/
Hu-type proteins bind to AU-rich regions and function in a
wide variety of posttranscriptional processes, such as control of
RNA stability, translational regulation, splicing, and polyad-
enylation, as well as nucleocytoplasmic transport (reviewed in
Ref. 42). As part of its role in translational regulation, HuR has
recently been described to mediate the stress-induced release of
microRNA-silenced RNAs from P-bodies for active translation
(43). Xenopus ElrA/B proteins have been shown to interact with
the translational control element of Vgl mRNA (VTE) and
anti-HuR antibody injections support a role for ElrB in the
translational repression of Vgl mRNA during early to mid-
oogenesis (44).

We have previously characterized the function of the late
localizing XDead end (XDE) mRNA in Xenopus. As revealed by
UV cross-linking experiments, its localization element (XDE-
LE) binds to a set of unknown proteins with molecular masses
between 35 and 45 kDa (45). Here, we report on the identifica-
tion of these proteins as Xenopus ElrA/B proteins. We further
show that Elr-type proteins are part of one RNP complex
together with other localization proteins from Xenopus
oocytes. EIrA/B bind to a number of additional LEs from
both early and late localizing mRNAs. Interfering with
Elr-LE interaction, as well as overexpression of wild type or
mutant versions of ElrB, results in a loss of vegetal mRNA
localization, arguing for a critical role of Elr-type proteins
during vegetal RNA localization.

EXPERIMENTAL PROCEDURES

Cloning Procedures and Protein Expression—Full-length
c¢cDNA clones of ElrA (accession number BC086269) and
ElrB (accession number NM_001087566) in pSPORT vector
were obtained from the RZPD genome resource center. The
corresponding IMAGE clone numbers for ElrA and ElrB are
IMAGpP998E0114218Q and IRBHp990C0179D, respectively.
The open reading frames of ElrA and B were amplified by
PCR from plasmids and subcloned into Stul and Xbal sites of
the pCS2+MT (46) and pCS2+ FLAG (47) using the follow-
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ing primers: ElIrB_F, AATAGGCCTATGGCAGTCAGACT-
GTGTGATGTGGCT; ElIrB_R, GCCTCTAGATTAAGCT-
TTGTGTGTTTTGCTCGTTTTGAACG; ElIrA_F, TCAAGG-
CCTATGTCTAACGGTTATGAAGATCACA; and EIrA_R,
ATATCTAGATTATTTGTGTGACTTGCTGGTTTTG. For
recombinant protein expression, EIrB open reading frame
excised from the pCS2+ FLAG construct and subcloned into
Ncol and Notl sites of pET21d (Novagen) was employed. The
Vg1RBP expression construct was as described (22). His-tagged
ElrB and Vg1RBP proteins were purified as described previ-
ously (48).

For point mutagenesis of the XDE-LE, the XDE-LE was
amplified with primers reported in (45) and cloned into the
pGEM-T easy vector (Promega). Mutant versions of XDE-LE
were generated by site-directed mutagenesis using a two-step
overlap extension PCR as originally described in Ref. 49. PCRs
were done using a high fidelity DNA polymerase kit (Fermen-
tas), and DNA fragments were purified from agarose gels by use
of a PCR purification kit (Qiagen). The mutant XDE-LE was
cleaved with BamHI and Xhol for cloning into the pBK-CMV-
lacZ tagged vector (11, 45). Sequences of mutagenesis primers
are available in the supplemental materials.

ElrB mutants defective in RNA binding were created by
introducing point mutations in the RRM domains by site
directed mutagenesis. Mutation sites were chosen according to
(50). Sequences of mutagenesis primers are available in the sup-
plemental materials. Most likely because of inaccuracies of the
DNA polymerase used for the mutagenesis PCR, ElrBmut1/2
and ElrBmut1/3 contain additional amino acid changes in the
first RRM at amino acid position 100 (D100G, ElrBmut1/2) and
amino acid position 73 (L73F, ElrBmut1/3).

Isolation of Oocytes and Extract Preparation—QOocytes were
obtained as described (11). Blendzyme (Sigma) treatment was
performed to release the oocytes from the ovary sac. The
oocytes were homogenized using a syringe mounted with nee-
dles (27 and 24 gauge) in S100 buffer (50 mm Tris, pH 7.5, 50 mm
KCl, 0.1 mm EDTA, protease inhibitor mixture (Roche Applied
Science) and 5% glycerol); after three passages crude extracts
were centrifuged for 20 min at 13,000 rpm, 4 °C in a table top
centrifuge (S16 extract). The yolk material was routinely
removed by Freon (Merck) extraction (51).

Glycerol Gradient Centrifugation and Biochemical Enrich-
ment of Localization Proteins—This procedure was adapted
from Ref. 52; the gradient was formed using S100 buffer con-
taining 5 and 60% glycerol (50 mm Tris, pH 7.5, 50 mm KCl, 0.1
mMm EDTA, protease inhibitor mixture (Roche Applied Sci-
ence), 5 or 60% glycerol). A polyallomer centrifuge tube (2.2 ml)
was filled with 1 ml of the 5% glycerol S100 buffer, and then 1 ml
of the 60% glycerol S100 buffer was gently loaded underneath.
The tubes were sealed with parafilm and gently placed sideways
on a flat plate and incubated at 4 °C for at least 2 h. An approx-
imately linear gradient is formed after the tubes are returned to
the upright position. Protein samples (usually a total of 200 ug
of S16 in 200 ul of volume) were carefully loaded on top of the
preformed gradient. High speed centrifugation was performed
in the TLS 55 rotor at a speed of 50,000 rpm (214,200 X g) for
4 hat4°Cinan Optima TL Ultracentrifuge (Beckmann). Frac-
tions of 200 ul were carefully taken from the top of the gradient
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and processed for Western blot analysis. Protein fractions
enriched for localization proteins were pooled. The glycerol
concentration of these fractions was reduced to 5% by ultrafil-
tration using Amicon Ultra (Millipore) or Vivaspin (Viva-
science) tubes in a swinging bucket rotor (Sorvall) at 4 °C (4000
rpm centrifugation until volume is reduced to desired levels).
RNPs were disrupted either by RNase A treatment (10 wg/ml)
or by increasing the salt concentration to 400 mm NaCl. After
2 h at 4 °C, the samples were again subjected to ultracentrifu-
gation at ~200,000 X g (68,000 rpm) in a TLA100.2 rotor
(Beckmann). The high speed supernatants were concentrated
to the desired levels by using ultrafiltration tubes.
Two-dimensional Gel Electrophoresis and Protein Identifica-
tion—The Bio-Rad two-dimensional gel system was used
according to the manufacturers instructions; the sample buffer
recipe was modified, replacing dithiothreitol with hydroxy-
ethyl-disulfide, DeStreak reagent (GE Healthcare; see Ref. 53).
Isoelectric focusing was done with immobilized pH gradients of
3-10 (Bio-Rad) and 7-11 (GE Healthcare), with the second
dimension on 11-12% SDS-PAGE. Manually excised gel plugs
were subjected to an automated platform for the identification
of gel-separated proteins (54) as described in the framework of
recent large scale proteome studies (55, 56). An Ultraflex
matrix-assisted laser desorption ionization time-of-flight-mass
spectrometer (Bruker Daltonics) was used to acquire both pep-
tide mass fingerprint and fragment ion spectra, resulting in
confident protein identifications based on peptide mass and
sequence information. Data base searches in the NCBI nonre-
dundant primary sequence data base restricted to the taxon-
omy Xenopus laevis were performed using Mascot software 2.0
(Matrix Science) with parameter settings described earlier (55,
56). All of the data sets were searched again without taxonomy
restriction to account for potential matches to sequences from
Xenopus tropicalis. The minimal requirement for accepting a
protein as identified was at least one peptide sequence match
above homology threshold in coincidence with at least four
peptide masses assigned in the peptide mass fingerprint.
Western Blotting—Protein samples separated by SDS-PAGE
were blotted onto nitrocellulose membrane and blocked with
5% nonfat milk powder in Tris buffered saline with Tween 20
(20 mm Tris-Cl, pH 6.8, 150 mm NaCl, 0.05% Tween 20) over-
night at 4 °C. Primary antibodies used were diluted as follows:
a-HuR (sc-5261; Santa Cruz Biotechnology, Inc.) 1/4000,
a-VgIRBP (35) 1/10,000, a-XStaufen 1 (34) 1/10,000, and anti-
40LoVe (27) 1/5000. Horseradish peroxidase-coupled a-mouse
(Santa Cruz Biotechnology, Inc.) and a-rabbit (Dianova) sec-
ondary antibodies were used at 1/10,000 dilutions, and detec-
tion was performed using the ECL system (GE Healthcare).
Immunostaining on Oocyte Sections—Stage II/IV oocytes
were embedded in O.C.T. Compound (Tissue-Tek) for cryo-
tome sectioning. The sections were fixed in paraformaldehyde
for 10 min, washed in PBS containing 0,5% Triton X-100
(PBS-T) and blocked for 30 min in PBS-T containing 1% bovine
serum albumin. Primary antibodies (a-HuR (sc-5261; Santa
Cruz Biotechnology, Inc.), a-XStaufen 1 (1% bovine serum
albumin), and a-40LoVe (27), as well as secondary a-mouse
Alexa594 (Invitrogen) and a-rabbit fluorescein isothiocyanate
(Sigma) antibodies were diluted 1:400 in PBS-T (1% bovine
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serum albumin) and incubated for 1 h in a humid chamber. The
specimens were embedded in Dako fluorescent mounting
medium and analyzed with a Axioimager M1 microscope
(Zeiss).

Co-immunoprecipitations—Co-immunoprecipitation reac-
tions were performed in principle as described (44) using NET
buffer containing 10% glycerol instead of 0.25% gelatin. To
identify ElrA/B-interacting proteins, preparative scale IPs were
performed with 50 mg of total oocyte lysate in 50 ml of total IP
volume in 50 aliquots, whereas an equivalent of two aliquots
was used for silver stained SDS-PAGE analysis. Co-immuno-
precipitation of Alexa-labeled XDE-LE RNA were performed
essentially as described (11). 1 pmol of Alexa-labeled XDE-LE
RNA was added to the in vitro translated proteins. Binding
reactions were performed in the absence or presence of 2.5
pmol of morpholino oligonucleotides added 30 min prior to the
Alexa-XDE-LE. Sequences of morpholino oligonucleotides are
available in the supplemental materials.

Quantitative RNA-Co-IP—To assess for the enrichment of
localizing RNAs in ElrA/B-containing RNPs, RNA co-immu-
noprecipitation from stage II-IV oocyte S16 extracts was per-
formed using either a-HuR (sc-5261; Santa Cruz Biotechnol-
ogy, Inc.) or a-Myc (Sigma) (control) antibodies immobilized
on GammaBind Plus Sepharose (GE Healthcare). Co-IPs were
performed using either YSS buffer (32) or IPP buffer (10 mm
Tris, pH 8,0, 145 mm NaCl, 0.1% Nonidet P-40), supplemented
with both RNase inhibitors (RNaseOut, Invitrogen) and prote-
ase inhibitors (Complete; Roche Applied Science). Co-precipi-
tated RNAs were released by addition of 1% SDS, phenol chlo-
roform-extracted, and precipitated with ethanol/ammonium
acetate. The amount of individual mRNAs in the ElIrA/B-RNPs,
the control IP or 2% of the input material was determined by
quantitative reverse transcription-PCR using the iQ SYBR
Green Supermix and iCycler-system (Bio-Rad). Primer
sequences are available in the supplemental materials.

The relative enrichment of individual mRNAs in the ElrA/B-RNPs
versus the input (E1 = 2~ (CT value (&-HuR-IP)-CT value Gnpu0) o1 yergyys
the control-IP (E2 — 2—(CT value (a-HuR-IP)-CT value (control—IP)))’ aswell as
control-IP versus input (E3 = 2~ (€T value (control-IP)-CT-value (input)))
were calculated according to the 274" method (57). mRNA
enrichment in the EIrA/B-RNPs was scored by the enrichment
factor F = (E1 X E2)/E3. To compare the results of independent
Co-IP experiments, the enrichment factors of the different
mRNAs tested were normalized against the enrichment factor
for glyceraldehyde-3-phosphate dehydrogenase, respectively.

In Vitro Transcription—Capped RNAs for oocyte injection
were transcribed using the T3 mESSAGE mACHINE kit
(Ambion), and pBK-CMV-lacZ-tagged XDE LE and mutant
version templates were linearized with Xhol. Labeled RNAs or
unlabeled competitor RNAs were synthesized using the T7
MEGAshortscript kit (Ambion). For radiolabeling, the unla-
beled UTP provided with the kit was replaced by 5 ul of 20
uCi/ul [a-**P]UTP (GE Healthcare); for Alexa- or Cy3-labeled
RNA, the reaction was supplemented with 1 ul of 1 mm Chro-
maTide Alexa Fluor 546 —14-UTP (Molecular Probes/Invitro-
gen) or Cy3-UTP (PerkinElmer Life Sciences). Templates of
XDE LE and its mutant versions were prepared by cutting the
pGEMT plasmids constructs with Xhol. In vitro transcribed
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RNAs were purified using the RNeasy mini kit (Qiagen). T7
promoter-containing primers were used to generate templates
for in vitro transcription of LE-RNAs by PCR amplification as
listed in the supplemental materials.

UV Cross-linking Assay—This assay was done as described
previously (11, 58). Cross-linked proteins were separated by
SDS-PAGE and analyzed by phosphorimaging (Typhoon 9400;
Amersham Biosciences).

Electrophoretic Mobility Shift Assay—Mobility shift analysis
was carried out essentially as described (59). The reaction mix-
tures in 1X UV cross-linking buffer (5X cross-link buffer, 5
mg/ml heparin, 1% glycerol, 50 mm KCl, 10 mm dithiothreitol, 5
mM HEPES, pH 7.8, 1 mm MgCl,, 0.1 mM EDTA, 40 ug/ml yeast
tRNA), contained recombinant protein and Alexa-labeled
RNA, as well as various amounts of competitor RNA. After
incubation at room temperature for 30 min, an equal volume
of loading buffer (50% glycerol, 0.1 mm EDTA, and 0.01%
bromphenol blue) was added and loaded on a 1% agarose/
Tris/acetic acid/EDTA buffer gel. The gel was run in 1X
Tris/acetic acid/EDTA buffer at 40 V for 1.5 h and analyzed
by phosphorimaging.

Vegetal Localization Assay—Localization assays were per-
formed essentially as described (11). In brief, capped RNAs (5 nl
of 10 ng/ul) were injected into stage III and IV oocytes and
maintained in culture for 4 or 5 days in a vitellogenin-contain-
ing L15 medium as described in Refs. 60 and 61. For the mor-
pholino co-injection experiments mixtures of 0.3 fmol of lacZ-
tagged RNAs and 50 fmol of morpholino oligonucleotides were
injected into stage III and IV oocytes and cultured for 3 or 4
days. RNA distribution was visualized by whole mount ix situ
hybridization as described (62, 63), using digoxygenin-labeled
antisense lacZ RNA.

Nucleocytoplasmic Transport—Nucleocytoplasmic trans-
port assays were carried out as described (64). In brief, >*S-labeled
Myc-tagged ElrA and ElrB proteins were in vitro translated using
the TNT system (Promega) and [**S]methionine (Hartmann Ana-
lytic), with pCS2+MT-EIrA and ElrB serving as templates. The
%5S-labeled proteins were injected in either nucleus or cytoplasm
of stage VI oocytes. MT-EIrA and B were immunoprecipitated
from manually dissected oocytes, separated by SDS-PAGE, and
analyzed by phosphorimaging.

RESULTS

Identification Xenopus ElrA and ElrB as Vegetal Localization
Element-binding Proteins—In an effort to isolate novel proteins
that function in vegetal mRNA localization in Xenopus oocytes,
we established a biochemical purification strategy to generate
protein fractions enriched in components of the localization
complex (Fig. 14). In brief, total extracts from early/mid-stage
(stage I-1V) Xenopus oocytes were fractionated by use of a glyc-
erol gradient, and the fractions containing known localization
proteins, such as Vg1RBP and XStaufen 1, were collected (sup-
plemental Fig. S1). After disruption of the RNPs by either
RNase digestion or high salt treatment, high speed centrifuga-
tion yielded preparations highly enriched in RNA-binding pro-
teins (RNP S200 and HS RNP S200), as revealed by UV cross-
linking to the XDead end-LE (XDE-LE) (Fig. 1B). In particular,
these experiments reveal enrichment of a group of low molec-
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ular mass proteins in the range of 35— 45 kDa. Individual pro-
teins from these enriched extracts were identified by mass spec-
trometry analysis after two-dimensional gel electrophoretic
separation (supplemental Fig. S2) and found to contain the
known vegetal localization proteins Vg1RBP, XStaufen 1, and
40LoVe (supplemental Table S1). Candidate LE-interacting
proteins in the range of 35— 45 kDa include the Xenopus hom-
olog of the human RNA-binding protein HuB, ElrB (41) (sup-
plemental Fig. S2 and Table S1). To test for a direct interaction
of Elr-type proteins with the XDead end-LE, immunoprecipi-
tation experiments from cross-linking reactions using a mono-
clonal anti-HuR antibody, which detects both forms of oocyte
Elr-type proteins (44), were performed. Radiolabeled proteins
corresponding to EIrA and ElrB were specifically precipitated
(Fig. 1C). Cross-linking of Vg1RBP to the XDE-LE was verified
using the same type of assay.

Binding of Elr-type proteins could be a specific property of
the XDE localization element but also a more general property
of LEs in vegetally localizing mRNAs. To address this possibil-
ity, a comparative UV cross-linking assay making use of a col-
lection of different LEs was performed (Fig. 1D). These LEs
contained previously known as well as a set of novel LEs that
were mapped in our laboratory.* Of 11 different LEs belonging
to either the early, the intermediate or late localizing RNAs,
seven were found to cross-link with high efficiency and two
additional ones with low efficiency to the Elr-type proteins,
whereas only two (XNIF and Velol LEs) exhibit no or hardly
any such binding activity in this assay (Fig. 1D, lanes 3 and 8).
We notice that these latter two LEs cross-link efficiently with
VgI1RBP. Furthermore, when tagged versions of EIrA and ElrB
proteins were overexpressed in stage VI oocytes, they were
found to exhibit similar binding specificities (data not shown).
In previous studies, Xenopus ElrB has been described to act as
translational repressor, specifically interacting with the Vgl
translational control element (VTE), whereas no or only weak
interaction with the Vgl LE was observed (44). Our experi-
ments reveal relatively weak but significant binding of Elr-type
proteins to the Vg1-LE upon use of extracts heavily enriched in
ElrA/B proteins (Fig. 1D, lanes 11 and 12).

To assess whether EIrA/B proteins associate preferentially
with localized mRNAs, RNA co-immunoprecipitation experi-
ments with stage II-IV oocyte extracts using an a-HuR anti-
body were performed. The enrichment of certain mRNAs in
such EIrA/B-RNPs relative to the overall abundance of the RNA
was determined as enrichment factor (see “Experimental Pro-
cedures” for details). Late localizing mRNAs, such as VegT and
XDead end, as well as the early localizing XNIF mRNA, are
indeed found to be heavily enriched in ElrA/B-RNPs, as com-
pared with nonlocalizing mRNAs such as glyceraldehyde-3-
phosphate dehydrogenase, ornithine decarboxylase, and
Lamin B1 (Fig. 1E). However, although robust interactions of
Vgl-LE with EIrA/B proteins were detected in the UV cross-
linking assay, we were not able to detect a particular enrich-
ment of Vgl mRNA in ElrA/B RNPs. In this particular case,
RNPs forming in vivo on the endogenous Vgl mRNA could

4S. Koch and T. Pieler, unpublished observations.
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FIGURE 1. Identification of Xenopus Elr-type proteins as vegetal localization element-binding proteins. A, oocyte fractions enriched for proteins of the
vegetal localization complex were prepared as illustrated. B, UV cross-linking using 3P-labeled XDE-LE RNA was used to monitor the enrichment of LE-binding
proteins in the different protein preparations. Unlabeled XDE-LE and LacZ RNAs served as specific and nonspecific competitors, respectively. C, immunopre-
cipitation of radiolabeled Vg1RBP and Elr-type proteins from UV cross-linking reactions. The proteins were precipitated from the RNP $200/[>*?P]XDE-LE
cross-linking reaction by using a-Vg1RBP and a-HuR antibodies. Supernatant (S) and bound (P) fractions were analyzed by SDS-PAGE. Proteins that might
correspond to putative ElrBisoforms are marked by stars. D, comparative UV cross-linking of RNP S200 and *2P-labeled XDEADSouth-LE (lane 1), XGrip2-LE (lane
2), XNIF-LE (lane 3), Velo40-LE (lane 4), Velo45-LE (lane 5), XDE-LE (lane 6), Velo76-LE (lane 7), XVelo1-LE (lane 8), XVelo1-3" UTR (lane 9), Velo7-LE (lane 10),Vg1-LE
(lane 11), Vg1-TE (lane 12), and VegT-LE (lane 13) RNAs. E, enrichment of localizing RNAs in ElrA/B-containing RNPs. Immunoprecipitations from stage II-IV
oocyte extracts were performed by using either a-HuUR or a-Myc control antibodies. Co-precipitated RNAs were detected by quantitative reverse transcription-
PCR; relative RNA enrichment in the IP-fractions versus the input and control IP-fractions is depicted. Average enrichment factors of three independent Co-IP

experiments are shown. The error bars indicate standard deviation.

differ from those forming in vitro with ElrA/B-enriched protein
fractions.

ElrA/B Proteins Are Part of One RNP Together with VgIRBP—
Co-purification of ElIrA/B with VgIRBP and XStaufen 1 by
use of the biochemical strategy outlined above and the ability
of such proteins to bind directly to different LEs does not
necessarily imply that these proteins are part of one and the
same RNP. To address this question, co-immunoprecipita-
tion experiments were carried out (Fig. 2A4). In full agree-
ment with earlier studies (32), antibodies directed against
XStaufen 1 co-precipitate Vg1RBP and vice versa. The same
antibodies also pull down EIrA/B proteins, indicating that
VglRBP, XStaufen 1, and Elr-type proteins are part of one
RNP. Similarly, antibodies directed against Elr-type proteins
also precipitate XStaufen 1 and Vg1RBP, providing further
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support for the same notion. Formation of these complexes
is lost upon RNase treatment prior to protein isolation, indi-
cating that these three different proteins are held together
via an RNA scaffold (Fig. 24).

In an attempt to identify other proteins that might be part
of the ElrA/B containing RNPs, co-immunoprecipitation
experiments were performed on a preparative scale, followed
by release of EIrA/B-associated proteins via RNase treatment
and identification by mass spectrometry (Fig. 2, B and C, as
well as supplemental Fig. S3 and Table S2). Again, Vg1RBP
was found to co-purify specifically with ElrB (which is the
major Elr-type protein in the oocyte extracts used; see also
Fig. 2A), as well as with the unspecific FRGY-type RNA-
binding proteins. However, XStaufen 1, as demonstrated
above by Western blot analysis to co-precipitate with Elr-

VOLUME 284 NUMBER 30+JULY 24, 2009


http://www.jbc.org/cgi/content/full/M109.009928/DC1
http://www.jbc.org/cgi/content/full/M109.009928/DC1

A

_a-XStaufen1 + PO A
a-Vg1RBP : n + + - U A
a-HuR - - - -+ + - -
119G - - - - - - + o+
RNase A - -+

XStaufen1

i -
e -

as W

* £ 8 %
*

7

ErA S e

B St I-ll oocyte extract
RNase A
IP (a) IP (b)
RNase A
pellet(c) eluate (d)

Elr Proteins Function during Vegetal Transport

c

_ _ a-HuR control IgG
fraction ~a b c d - a b c d
lane 1 2 3 4 5 6 7 8

- 250

- 150

=100

-5

"~ 50

37

FIGURE 2. EIrA and B proteins interact with Vg1RBP and XStaufen 1 in an RNA-dependent manner. A, co-immunoprecipitations using a-XStaufen 1,
a-Vg1RBP, a-HuR, and control IgGs were performed in the absence or presence of RNase A. Co-precipitated proteins were detected by Western blot. Proteins
that might correspond to putative ElrB isoforms are marked by stars. B, work flow for the identification of proteins co-precipitating with Elr-type proteins
(a-HuR) from stage | and Il S16 extracts. C, protein fractions generated as depicted in B were separated by SDS-PAGE and detected by silver staining. The dots
indicate proteins that co-precipitate in an RNA-dependent manner and were identified by mass spectrometry (see supplemental Fig. S3 and Table S2 in the
supplemental material). Proteins that co-precipitate in an RNA-independent manner (fraction c) are marked by stars. Proteins corresponding to IgG heavy

chains are marked by arrowheads.

type proteins (Fig. 2A4), was not among the proteins identi-
fied in this second approach, indicating that it is either only
present in substoichiometric amounts in EIrA/B containing
RNPs or, alternatively, that there exist different classes of
ElrA/B-RNPs, those with and those without XStaufen 1.
Smaller amounts of other proteins eluted by RNase treat-
ment from the Elr protein containing RNPs included the
RNA-helicase Xp54 (65), as well as two previously unknown
proteins related to the Lsm domain protein RAP55 (66),
which were therefore termed RAP42 and RAP46 (see supple-
mental Table S2 and protein alignment in supplemental Fig.
S4). Several additional proteins were not released by RNase
treatment and therefore found in the pellet fraction together
with significant amounts of ElrB (Fig. 2C, lane 3); the identity
of these proteins remains to be established.

Inhibition of ElrA/B Correlates with a Loss of Vegetal mRNA
Transport—The experiments described above establish that
the ElrA/B proteins bind specifically to the XDE-LE as well
as to several other LEs and that they are part of one RNP

AV DN
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together with other proteins known to be involved in vegetal
transport. To address the functional role of Elr-type proteins
in this latter process more directly, mutant versions of the
XDE-LE were generated that are impaired in their ability to
bind to these proteins. Because Elr-type proteins are known
to bind A/U-rich regions, two mutant versions of XDE-LE,
containing different sets of point mutations in several of its
A/U-rich elements, were generated (supplemental Fig. S5).
These mutants were first analyzed in respect to their ability
to compete for binding of EIrA/B to the wild type version of
XDE-LE ina UV cross-linking assay (Fig. 34), as well as in an
electrophoretic mobility shift assay making use of bacterially
expressed versions of ElrB and Vg1RBP (Fig. 3B). Although
mutl is only moderately reduced in its ability to compete for
ElrA/B binding, mut2 is severely impaired to do so. Interest-
ingly, binding to Vg1RBP seems to be equally competed by
all of the competitor RNAs tested, indicating that the muta-
tions introduced do not perturb binding to this localization
protein (Fig. 3, A and B).
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FIGURE 3. Interference with ElrA/B-binding blocks vegetal localization of the XDE-LE. A, UV cross-linking was performed with RNP S200 and 32P-labeled XDE-LE
wt in the absence or presence of either nonspecific lacZ (L) or increasing amounts of XDE-LE wt, XDE-LE mut1 and XDE-LE mut2 competitor RNAs. A putative EIrB
isoform is marked by an star. B, electrophoretic mobility shift assay using 1 pmol of Alexa-labeled XDE-LE wt and 10 or 25 pmol of recombinant EIrB and Vg1RBP
proteins, respectively. RNA-protein complexes were allowed to assemble either in the absence or presence of increasing amounts of XDE-LE wt, XDE-LE mut1, or
XDE-LE mut2 competitor RNAs. C, LacZ-tagged XDE-LE wt and mutant RNAs were injected into stage IV oocytes and analyzed for subcellular localization by in
situ-hybridization after 4 or 5 days. The localization efficiencies, standard deviations, and numbers of oocytes analyzed were as follows: wt (92% = 8.7;n = 177), mut1
(95% = 8.6;n = 119),and mut2 (0%; n = 170). D, schematic representation of the target region for the different morpholinos in the XDE-LE. £, Alexa-labeled XDE-LE RNA
was co-immunoprecipitated along with Myc-tagged, in vitro translated EIrB protein in the absence or presence of the different morpholino oligonucleotides. F, aver-
age localization efficiencies of XDE-LE RNA alone (0.3 fmol) and co-injected with different MOs (50 fmol) of three independent injection experiments are indicated (see
also supplemental Fig. S6). XVelo1-LE does not contain a MO7 target site and served as a specificity control. G, Cy3-labeled lacZ-tag-XDE-LE RNA and lacZ tag (control)
RNAs were co-immunoprecipitated along with Myc-tagged, in vitro translated wt EIrB protein as well as EIrB RRM domain point mutants. Average localization
efficiencies of XDE-LE and Velo1-LE RNAs in control oocytes and oocytes preinjected with RNAs encoding for Myc tag, wt, and mutant versions of EIrB from two
independent experiments are indicated.
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plemental Fig. S6). As above, inhibi-
tion of ElrB binding correlated well
with an inhibition of vegetal
localization.

Finally, we have also assayed for
the effects of overexpressing mutant
versions of ElrB that are deficient in
RNA binding because of point
mutations in RRM1 and 2 (mut1/2),
RRM1 and 3 (mut1/3), or RRM2 and
3 (mut2/3) (Fig. 3G and supplemen-
tal Fig. S7). All three mutants tested
had a dominant negative effect on
vegetal localization of an ElrB-bind-
ing RNA substrate (XDE-LE),
whereas localization via the Velol-
LE, which does not bind to Elr-type
proteins, was not affected. Interest-
ingly, overexpression of an epitope-
tagged wt version of ElrB also
exerted an inhibitory effect, indicat-
ing that excess ElrB might sequester
other localization factors by pro-
4h tein-protein interactions without

forming a complex on a target RNA.
Interestingly, EIrB has been
reported to oligomerize in a con-
R :uclear centration- and RNA-dependent
xport X i
manner (67); although the in vivo
relevance of this effect is not under-

o-XStaufen 1

ElIrA

40LoVe v &...37

FIGURE 4. Subcellular distribution of EIrA and B in oocytes. A, co-immunostaining on cryo sections of a stage
IV oocyte using a-HuR and a-XStaufen 1 antibodies. Animal (An) and vegetal (Veg) hemispheres are marked in
the brightfield image (upper left). a-HuR and a-XStaufen 1 stainings are shown in red and green, respectively.
Magnifications of animal and vegetal halves of the oocyte are shown below. Arrowheads mark vegetal cortex
enrichment of EIrA/B and XStaufen 1, respectively. B, nuclei and cytoplasmatic fractions of stage Ill-VI oocytes
were manually dissected and ElrA/B and 40LoVe proteins detected by Western blotting. Proteins that might
correspond to putative ElrB isoforms are marked by stars. C, nucleocytoplasmic transport assay with ElrA and B.
35S-Labeled, Myc-tagged versions of the proteins were injected into the cytoplasms or nuclei of stage VI
oocytes. These were dissected either directly or 4 h after injection. Myc-tagged proteins were immunoprecipi-
tated from these fractions, separated by SDS-PAGE, and detected by phosphorimaging.

The same XDE-LE mutants were then employed in oocyte
microinjection assays testing for vegetal transport activity
(Fig. 3C). Although transport efficiency of a reporter RNA
fused to mutl was comparable with wt, mut2 was not able to
mediate localization to the vegetal cortex of the oocytes.

In an alternative experimental approach, a set of antisense
morpholino oligonucleotides was designed that target different
regions of the XDE-LE (Fig. 3D) and tested for their ability to
compete for ElrB binding to XDE-LE in co-precipitation exper-
iments on the one hand (Fig. 3E) and to interfere with vegetal
RNA localization in the oocyte on the other (Fig. 3F and sup-
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stood, it may counteract formation
of transport-competent complexes
in the oocyte. Taken together, these
different  experiments  provide
strong indications for Elr-type pro-
teins to be actively involved in the
events that allow for RNA localiza-
tion to the vegetal cortex in Xenopus
oocytes.

Elr-type Proteins Are Enriched at
the Vegetal Cortex of Xenopus
Oocytes—It has been shown that pro-
teins with a function in vegetal mRNA
localization, such as VgIRBP (35),
XStaufen 1 (15), hnRNP I (32), and
40LoVe (27), exhibit vegetal cortex
enrichment reminiscent of the dis-
tribution of their target mRNAs. Assuming a functional role for
ElrA and B in vegetal mRNA localization, we performed co-
immunostaining experiments on cryosections of stage IIl and
IV oocytes to examine the subcellular distribution of these
proteins (Fig. 4A). ElrA/B staining is detected in the cyto-
plasm with vegetal cortex enrichment in sections from both
stage IV and stage III oocytes (Fig. 44 and data not shown).
Staining for XStaufen 1 served as a positive control and
revealed co-localization for ElrA/B and XStaufen 1 at the
vegetal cortex (Fig. 44, arrowheads mark vegetal cortex co-
localization of EIrA/B and XStaufen 1). Similar results were

Nuclear
Import

JOURNAL OF BIOLOGICAL CHEMISTRY 19989


http://www.jbc.org/cgi/content/full/M109.009928/DC1
http://www.jbc.org/cgi/content/full/M109.009928/DC1
http://www.jbc.org/cgi/content/full/M109.009928/DC1
http://www.jbc.org/cgi/content/full/M109.009928/DC1

Elr Proteins Function during Vegetal Transport

observed for co-immunostaining using a «40LoVe antibody
(data not shown). In addition, co-localization was also
observed in discrete particle-like structures in the vegetal
cytoplasm, which may correspond to RNA transport parti-
cles in the process of localization.

Analysis of manually dissected oocyte nuclei and cytoplasm
reveals a predominantly cytoplasmic localization of ElrA/B
proteins with very low levels of EIrA, but not ElrB, in the nuclear
fractions (Fig. 4B). Anti-40LoVe immunoblots served as a load-
ing control and detect the protein in the nucleus and cytoplasm.
However, there could be dynamic ElrA/B protein exchange
between the oocyte nucleus and cytoplasm, as shown for HuR
in somatic cells (68). To test for a possible shuttling of EIrA and
B between nucleus and cytoplasm, microinjection experiments
were performed using Myc-tagged versions of ElrA and B (Fig.
4C). Myc-ElIrA was found to be readily exported into the cyto-
plasm upon injection into the nucleus, whereas ElrB remained
almost entirely in the nucleus under the same conditions. Con-
versely, when both proteins were injected into the cytoplasm,
neither protein was found to accumulate the nucleus.

Taken together, these results indicate that Elr-type proteins
co-localize with the known vegetal localization proteins
XStaufen 1 and 40LoVe at the vegetal cortex. Furthermore, the
rapid export of EIrA from nucleus to cytoplasm is compatible
with the idea of an early function for this protein in the trans-
port pathway that leads from the nucleus to the vegetal cortex
in Xenopus oocytes.

DISCUSSION

Data reported in this communication reveal that Xenopus
Elr-type proteins, homologs of Hu/ELAYV proteins, bind specif-
ically to the XDead end-LE, as well as to a number of other
Xenopus localization elements. EIrA/B proteins co-fractionate
in an RNA-dependent manner along with known localization
proteins such as Vg1RBP and XStaufen 1 on glycerol gradients,
and co-precipitation analysis indicates that that they assemble
into the same RNP. Interference with ElrA/B binding by either
LE-mutagenesis or co-injection of antisense morpholino oligo-
nucleotides, as well as results obtained from overexpression of
wt or mutant versions of ElrB, provide strong evidence that
ElrA/B binding is indeed crucial for the vegetal localization of
the XDE-LE RNA. UV cross-linking as well as co-immunopre-
cipitation analysis indicates that ElrA/B proteins might also
function in the localization of other vegetally localized RNAs.
However, ElrA/B binding does not seem to reflect a general
requirement for vegetal localization, because the LE of the late
localizing RNA Xvelol does not exhibit binding activities for
these proteins and is not affected by overexpression of domi-
nant negative ElrB mutants. It thus seems possible that localiz-
ing RNAs might assemble into different localization RNPs,
either containing or lacking EIrA/B proteins.

Itis of interest to define how exactly ElrA/B proteins function
during vegetal RNA localization; because a small quantity of
ElrA can be detected in the oocyte nuclei, it might assemble
with the localization RNP already in the nucleus. Nucleocyto-
plasmic transport studies indicate that Xenopus ElrA is rapidly
exported to the cytoplasm after nuclear injection, which is
probably mediated by the conserved HNS (HuR nuclear shut-
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tling sequence) that is located in the hinge region separating
RRM2 and 3 and which has previously been shown to mediate
nuclear shuttling of HuR (69). Because ElrB, similar to the
strictly neuronal Hu family members HuC and HuD, exhibits
an insertion in the hinge region interfering with the HNS func-
tion, it seems likely that ElrB enters the localization RNP after
export to the cytoplasm. Whether ElrA and B differ in respect to
their functional role during vegetal transport remains to be
determined. Co-immunoprecipitation data revealed an RNA-
dependent interaction with Vg1RBP, 40LoVe, and XStaufen 1,
indicating that EIrA/B are part of localization particles during
their migration in the cytoplasm. Xenopus EIrB has been
reported to oligomerize on its target RNAs (67), suggesting that
ElrB might function as an assembly factor for the formation of
large RNA transport granules that may also contain multiple
localized transcripts. Immunostaining for ElrA/B, XStaufen 1,
and 40LoVe revealed co-localization in large particles in the
vegetal cytoplasm, which may correspond to such transport
granules. In addition, these transport granules might also medi-
ate translational repression of the localizing RNA, either by
sequestering the RNAs in silencing complexes that are not
accessible for the translation machinery and/or by recruitment
of translational repressors into the transport granule, as has
been shown for the Bruno-mediated translational repression of
oskar mRNA particles e.g. (70). Co-immunoprecipitation of the
RNA-helicase Xp54 and Rap55-related Lsm domain proteins
RAP42 and RAP46 along with EIrA/B indicates that ElrA/B
containing localization RNPs might indeed be transported in a
translationally repressed state. Xemopus Xp54 has been
described as a component of stored mRNPs that also represses
translation of reporter RNAs in the MS2-tethered function
assay (65, 71), and the Drosophila Xp54 homolog Me31b has
been shown to participate in translational repression of the pos-
terior localizing RNA oskar (72). Similarly, the Lsm domain
protein Rap55 has been reported to be part of translationally
repressed mRNP complexes in Xenopus oocytes and acts a
translational repressor in vitro as well as in oocytes if tethered to
a reporter RNA (Ref. 66; reviewed in Ref. 73). In addition to a
role during the transport process, co-localization with
XStaufen 1 and 40LoVe at the vegetal cortex suggests that
ElrA/B might also function in anchoring the RNP complex after
transport has been completed.

Hu/ELAV RNA-binding proteins function in various aspects
of RNA metabolism, including splicing and nuclear export, as
well as regulation of mRNA stability and translation (reviewed
in Refs. 42, 74, and 75). Hu/ELAV proteins are known to spe-
cifically target localized RNAs in other systems, although no
indications for a direct function of Hu/ELAV proteins in RNA
localization have been described to date. In particular, HuR was
reported to bind to the 3'-UTR of B-actin mRNA, which local-
izes to the leading edge of migrating cells, a process that also
involves the Vg1RBP homolog ZBP1 (76, 77). It was demon-
strated that depletion of HuR results in a reduced migratory
capacity of such cells, perhaps as a consequence of reduced
B-actin mRNA stability (76). In neurons, the Vg1RBP homolog
IMP1, together with HuD, is found to exert a repressing effect
on the translation of Tau mRNA 3'-UTR reporters (78). Tau
3’-UTR not only regulates translation but also contains the
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axonal localization signal that mediates mRNA localization to
the axon in neuronal cells (79). Although, in these cases,
Hu/ELAV proteins are reported to control the stability and
translation of localized RNAs, our study provides evidence for a
direct function of Xenopus ElrA/B proteins during vegetal
transport in oocytes.

Binding of Elr-type proteins to the AU-rich translational
control element in the 3’-UTR of the vegetally localizing
mRNA Vgl (VTE) was reported to exert a repressing effect on
translation (44). However, although we could reproduce the
translational repressor function of the ElrA/B-binding VTE, we
did not observe a strict correlation between ElrA/B binding
activity and translational repression or transcript stability in the
context of diverse vegetal localization elements,. In particular,
luciferase reporter assays revealed that wild type XDE-LE com-
pared with mut2, lacking ElrA/B-binding sites, did not mediate
a repressive effect but rather a slight stimulation of translation
(data not shown). Thus, it seems likely, that the diverse func-
tions of Elr-type proteins in Xenopus and those of their
homologs in other biological systems are context-dependent
and are modulated by additional factors, such as VgIRBP,
hnRNP I, and XStaufen 1 in the process of RNA localization,
and so-far unknown factors mediating the translational repres-
sion of VTE-containing RNAs. This dependence on co-factors
could also explain why Xenopus ElrB protein alone is not able to
mediate translational repression if tethered to a MS2 stem-loop
containing luciferase reporter RNA by the viral MS2 coat pro-
tein.” To unravel the diverse functions of Elr-type/Hu proteins
in RNA metabolism in more detail, it will be of crucial future
interest to define the composition and structural arrangement
of the different functional RNPs that contain these proteins.
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